Abstract. The carcinogenic liver fluke, Opisthorchis viverrini, requires Bithynia snail intermediate hosts in its life cycle. However, the prevalence of O. viverrini in snail intermediate hosts is typically low ( 1%). Here, we examined B. siamensis goniomphalos from 48 localities in Thailand and The Lao People's Democratic Republic (Lao PDR) and reported highprevalence levels of O. viverrini. The highest-prevalence levels per locality were 6.93% (mean = 3.04%) in Thailand and 8.37% (mean = 2.01%) in Lao PDR; 4 of 13 localities examined showed prevalence higher than any prevalence previously recorded. The number of cercariae infecting snails and their prevalence were positively correlated with the size of the snails. High prevalence occurred in the Songkram River wetland (Thailand) and the Nam Ngum River wetland (Lao PDR). Our results show that transmission of O. viverrini from humans as well as animal reservoir hosts to snail intermediate hosts is ongoing and potentially increasing in endemic areas across Thailand and Lao PDR.
INTRODUCTION
The liver fluke Opisthorchis viverrini is a food-borne trematode pathogen in the Mekong Region in Southeast Asia, where it infects at least 9 million individuals. 1 Not only is O. viverrini itself pathogenic, it is classified as a type one carcinogen and is the major causative agent for cholangiocarcinoma (CCA) in the area. 2 In northeast Thailand and The Lao People's Democratic Republic (Lao PDR), O. viverrini is a major medical problem, with prevalence rates commonly reaching 30% or more in rural populations in Thailand and over 80% in Lao PDR. 3, 4 The life cycle of O. viverrini includes the freshwater snails Bithynia funiculata, B. siamensis siamensis, and B. s. goniomphalos as first intermediate hosts, with the latter occurring in northeast Thailand and Lao PDR. A wide variety of freshwater cyprinid fishes act as second intermediate hosts. Humans are the most important final hosts, although cats and dogs can harbor adult worms. 1 The prevalence of O. viverrini cercariae in Bithynia snail hosts is reportedly very low, ranging from 0.03% to 2.47%. [5] [6] [7] [8] [9] [10] [11] To date, the prevalence of O. viverrini infection in B. s. goniomphalos has been found to range between 0.03% and 1.3% in Thailand [6] [7] [8] [9] and 0.5% and 2.47% in Lao PDR. [11] [12] [13] This finding is in contrast to the very high prevalence in cyprinid fish (90-95%) and humans. [14] [15] [16] [17] The three Bithynia taxa, which are sexually reproducing, are the critical amplifying components in the transmission of O. viverrini, and they are a controlling factor for the potential spread of opisthorchiasis and CCA. Here, we examine the prevalence and cercarial shedding of O. viverrini in B. s. goniomphalos in Thailand and Lao PDR and determine their association with snail size.
MATERIALS AND METHODS
Samples of B. s. goniomphalos were collected from five major wetlands: the Mun, Chi, and Songkram Rivers basins in Thailand and the Nam Ngum and Sae Bang Heang Rivers basins in Lao PDR. A total of 5,790 snails from 25 localities were collected in Thailand from nine northeastern provinces ( Figure 1 ). In Lao PDR, a total of 5,848 snails from 23 localities were collected in Vientiane and Savannakhet provinces. The snails were collected by handpicking and scooping, and they were identified morphologically according to the works by Brandt, 18 Upatham and others, 19 and Chitramvong. 20 The shell size of each snail was measured under a dissecting microscope. Snail samples were placed individually into plastic containers for cercarial shedding. To estimate the number of cercariae released per day, O. viverrini-positive snails were kept in the dark for 12 hours and then exposed to light for 12 hours. Cercariae released from each snail during both the dark and light phases were counted under a dissecting microscope to calculate the number of cercariae per snail per day. The cercariae from infected snails were identified by light microscopy and confirmed by polymerase chain reaction (PCR). 21 A random sample of cercariae from snails collected from Thailand and Lao PDR were passed to fish (silver barb; Barbonymus gonionotus) to obtain O. viverrini metacercariae, which were fed to hamsters to produce adult worms for definitive identification.
RESULTS
Snail samples were collected between 2008 and 2011 when snails were available, especially during winter months (November to January). Four of five wetlands contained B. s. goniomphalos infected with O. viverrini cercariae (Figure 1 ). In Thailand, infected snails were found at four (16%) localities, with an average of 3.04%; in Lao PDR, infected snails were found at nine (39.13%) localities, with an average of 2.01%. In the Nam Ngum wetland, B. s. goniomphalos was found to be infected at eight localities: one locality in the Sae Bang Heang wetland in Lao PDR and three localities in the Songkram wetland: one locality in the Chi wetland in Thailand.
The difference in the proportion of infected sites between Thailand and Lao PDR approached significance (Fisher's exact test, one-tailed P = 0.069). Of the total number of 48 localities examined, 13 (Table 1) . Of the nine localities with snails positive for O. viverrini, two localities from the Nam Ngum wetland showed higher prevalence than any previously recorded. In Thailand, prevalence ranged from 0.22% to 6.93%, and of the four positive localities, two localities from the Songkram wetland showed higher prevalence than any previously recorded. All localities with exceptionally high prevalence were rice fields with very shallow water.
As shown in Figure 2 , large B. s. goniomphalos had a prevalence of 9.80% and 9.77% for length ( 10.0 mm) versus width also have a significantly higher prevalence than the mediumsized snails (χ 2 2 = 8.7, P 0.05). For length, large snails have significantly higher prevalence than medium-sized snails (χ 2 2 = 4.9, P 0.05), but there is no significant difference between small-and medium-sized snails (P 0.05). Within a total of 55 infected snails, 22 were males (40%), and 33 were females (60%).
There were significant positive correlations between the number of cercariae shed per day and the shell size of B. s. goniomphalos (Kendall's ζ_b = 0.399, P 0.001 for length; ζ_b = 0.309, P 0.05 for width). The relationships between the number of cercariae shed per day and size classes for all positive snails from each wetland are shown in Figure 3 . Smaller snails release significantly less cercariae per day than either medium or large snails (Fisher's Least Significant Difference [LSD] test, P 0.05). No significant difference in the number of cercariae per day between snails (male and female) was observed (Mann-Whitney U test, P 0.05) DISCUSSION O. viverrini infection and its associated CCA represent one of the most important medical problems in the Mekong Region of Southeast Asia. 22, 23 Current information on age-dependent infection indicates that many young adults are likely to develop CCA, continuing its personal and economic consequences well into the future. 1 Chemotherapy by using praziquantel is the usual means for large-scale parasite control as well as individual treatment. The efficacy of praziquantel is relatively high (90-95%), but reduced cure rates have been reported. 24 Reinfections, however, are a common phenomenon in many endemic areas. 25, 26 An integrated prevention and control program based on health education plus sanitary improvement has been recommended in the past, 3 and more recently, it was recommended in the work by Sithithaworn and others 27, 28 that targeted school children. One means for potentially reducing infection rates is control of the intermediate hosts. The wide variety of fish species susceptible to infection and their importance as a food source in the area make control at this level unlikely; however, only a single Bithynia species or subspecies acts as the first intermediate host in the infected areas, 29 making control at this level much more likely. To asses control potential, it is necessary to understand the dynamics of snail infection.
Contrary to information from cercarial shedding experiments to date that the prevalence of O. viverrini in B. s. goniomphalos is low (0.03-2.47%), [5] [6] [7] [8] [9] [10] [11] we found surprisingly high prevalence in different wetlands in Thailand and Lao PDR. These were up to three-to fourfold higher, with values of 6.93% in the Songkram wetland, Thailand, and 8.37% in the Nam Ngum wetland, Lao PDR, but not in the other wetlands examined.
High prevalence of O. viverrini has also been reported recently using PCR analyses, and prevalence was found to increase from 2.47% (determined by cercarial shedding) to 8.52% (determined by PCR) in B. s. goniomphalos in Lao PDR. 11 These results indicate that not all infected snails start shedding under laboratory conditions. This finding suggests that the highprevalence levels that we detected by cercarial shedding may also underestimate the actual infection rate in snails, providing more evidence that prevalence of O. viverrini in B. s. goniomphalos is significantly higher than previously thought.
High prevalence in certain wetlands may relate to high transmission rates. Biological differences (for example, in fecundity) have previously been reported for O. viverrini from the Songkram wetland versus O. viverrini from the Nam Ngum wetland. 30 Whether high prevalence in these two wetlands correlate with high incidences of CCA is not known, but it has been recently reported that CCA incidence is the third highest in the Songkram wetland (Nakhon Phanom Province) after the Chi wetland. 31 O. viverrini prevalence is also reported to be high in the Songkram wetland. 15 No data for CCA incidence is available from the Lao PDR.
We report for the first time that the number of cercariae released is positively associated with B. s. goniomphalos size. Wider and smaller size class snails yielded higher-prevalence levels than middle-width snails. This finding, in part, supports a previous study by Upathum and Sukhapanth 5 on B. s. siamensis that found that the largest snails were the most heavily infected, although in this study, the smallest individuals were least heavily infested. Ngern-klun and others 10 found that higher-prevalence levels were observed in B. funiculata of length 7 mm than 7 mm. However, a study by Chanawong and Waikagul 32 found that immature laboratory-bred Bithynia of the three taxa (2-4 mm long) were more susceptible to O. viverrini infection than fieldcollected snails (6-10 mm long). This finding would correspond with our data and imply that infection may increase mortality for small individuals, reducing infection rates in hosts of medium size.
Currently, it is believed that three species of Bithynia snails are distributed throughout Thailand and Lao PDR. 13, 18, 20 Different species seem to occupy different geographical areas (for example, B. funiculata is found in the north and B. s. goniomphalos is found in the northeast, whereas B. s. siamensis is distributed in the central region of the country). 18, 20 The observed variation in prevalence of O. viverrini may also reflect the presence of sympatric species of snails. For instance, evidence from laboratory-bred snails and field-collected snails suggests that B. funiculata and B. s. siamensis are more susceptible to O. viverrini infection than B. s. goniomphalos. 32 The predominantly low-prevalence levels in some wetlands versus high-prevalence levels in others could be because of varying degrees of resistance and hence, potentially, the presence of different snail genetic groups/species. It is interesting to view this finding in terms of the hypothesized coevolution between snails and O. viverrini by Saijuntha and others. 33 The distributional range of Bithynia taxa as well as possible coevolution with O. viverrini requires additional investigations.
Previous investigations consistently showed lower infection prevalence in snails than the prevalence reported for four of the infected sites studied here. Of 13 infected localities, 11 localities were from rice fields, and the other 2 localities were a dam and a fish pond. Interestingly, among the six highestprevalence localities, five localities came from snail samples from rice fields. Rice field aquaculture is becoming an increasingly important source of fish (including cyprinid) protein for the local populations in Southeast Asia generally. 34, 35 Although our data do not provide direct evidence for why such high-prevalence levels are found in this habitat, a number of hypotheses can be presented. (1) It is possible that fish used to stock the rice fields are infected in the source nurseries, leading to high prevalence in humans and thus, snails. Evidence from Vietnam indicates that nursery stock was frequently infected with fish-borne zoonotic trematodes. 36 Our own preliminary data suggest that both hatchery and nursery stock in Lao PDR can be infected with O. viverrini, depending on the fish species (Sithithaworn P and others, unpublished data). (2) Snails with high prevalence were collected throughout the year, suggesting that climate is not a key factor. However, snails from the rainy season during the months of June to September are underrepresented. (3) Although human fecal material is not deliberately used for fertilizing rice fields, the drainage system present in rural villages leads directly to the contamination of fields with human and animal feces. 16, 37 The surprisingly high prevalence that we detected has important implications for the transmission potential of O. viverrini and therefore, the possible increases in opisthorchiasis and CCA in the lower Mekong Region. Our results showing that there is a higher ratio of infected snails in Lao PDR compared with Thailand fit the epidemiological findings that humans in the Nam Ngum wetland have very high prevalence of O. viverrini, whereas control efforts have been underway in Thailand for several decades, possibly reducing the contamination of the environment with infected feces. 38 Recent records of high prevalence of O. viverrini in cats and dogs suggest the potential role of these animals in transmission in specific localities. 39, 40 The high prevalence that we detected in B. s. goniomphalos indicates active transmission of the liver fluke in northeast Thailand and Lao PDR. The higher prevalence in some localities relative to previous records suggests a complex and unexplored relationship between humans as well as animal reservoir hosts and snail infection.
Whether the observed high geographic variability in prevalence is associated with specific genetic groups/species of Bithynia snails and/or O. viverrini parasites or other ecological factors needs additional study. Additionally, our results highlight the urgent need to continue to develop appropriate and practical methods of parasite control to reduce opisthorchiasis and CCA incidence.
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